Both the time series analysis method and hydrological modeling approach are integrated to analyze the streamflow response to climate variability and human activities in the Bai River basin, northern China using data from 1986 to 1998 in this study. Also, the quantification and separation of effects from climate variability and human activities is investigated. First, the Fu formula based on Budyko hypothesis was applied to explore the integrated underlying surface characteristics in the whole basin, and then the SIMHYD model was calibrated and validated using the data from 1986 to 1990
INTRODUCTION
The large-scale hydrological cycle of a catchment is a complex process influenced by climate, physical characteristics of the catchment, and human activities (Rind et The objective of this study is to quantify the impact of human activities and climate variability on streamflow using the SIMHYD rainfall-runoff model, which was successfully applied in northern China (Wang et al. ) . The data, from 1986 to 1998, are split into two periods, 1986-1990 and 1991-1998 , by the Fu formula (Fu ); the period 1986-1990 is defined as the pre-treatment period, and the period of 1991-1998 is defined as the testing period. First, we briefly describe the study area, the structure of the SIMHYD model, and the Budyko formula. Second, the SIMHYD model is calibrated using the data from 1986 to 1988, and validated using the data from 1989 to 1990. The calibrated model is then used to simulate streamflow during the testing period. 
where R s is the daily total short-wave radiation, MJ/(m 2 d),
T air temperature, W C, and λ the latent heat of vaporization,
MODELING METHODOLOGY Budyko hypothesis and Fu's theoretical formula
In the study, 
; Han et al. ).
On the basis of the Budyko hypothesis, Fu () gave the differential forms of the Budyko hypothesis; he postulated that over a mean annual timescale for a given PET rate (E 0 ), the rate of the change in basin evapotranspiration with respect to precipitation (∂E/∂P) increases with residual PET (E 0 -E) but decreases with precipitation (P). Similarly, for a given precipitation, the rate of the change in evapotranspiration with 
where ω is a non-dimensional model parameter, and it indicates the degree of the runoff response to the change of characteristics due to human activities for the whole catchment. It should be noted that the estimation of evapotranspiration using Equation (2) 
Model calibration and validation
In order to validate the simulation results, some criteria must be used, and then some statistical goodness-of-fit approaches are employed to evaluate the model (Song et al. b) . The generalized pattern search algorithm with particle swarm optimization in MATLAB (The Math Works, Inc.) is used to optimize the parameters of the SIMHYD model. The model is calibrated by maximizing the Nash-Sutcliffe Efficiency (NSE) (Nash & Sutcliffe ) of monthly streamflow. NSE is defined as:
Meanwhile, a water balance error (WBE) in percentage is considered as the linear inequality constraint compelling the total simulated streamflow to be within 5% of the total recorded streamflow. WBE is calculated as:
The performance of the conceptual rainfall-runoff model is evaluated in this study using the two criteria, NSE and WBE. The model calibration and validation periods are determined from within the pre-treatment period to make sure that both the calibration and validation periods have a relatively similar vegetation cover. A 3-year warm-up period is used for both calibration and simulation.
Separating the effects of human activities and climate variability For a given basin that is mainly affected by human activities and climate variability, the total change in mean annual streamflow between two independent periods with different human activities and climate characteristics can be estimated as:
where ΔQ tot indicates the total change in mean annual streamflow, Q pre obs and Q test obs are the mean annual measured streamflow during the pre-treatment period and the testing period, respectively.
The total change ΔQ tot in mean annual streamflow between the two independent periods is a combination of change in streamflow caused by the climatic differences and change in streamflow due to the human activity difference between the two periods. Thus, the total change in mean annual streamflow can be described as:
where ΔQ clim is the change in mean annual streamflow 
RESULTS AND DISCUSSION

Abrupt point analysis
The parameter ω is a non-dimensional model parameter, and it is closely related to the degree of the runoff response to the basin characteristics' change due to human activities. The abrupt point of ω change is used to define the time point when the basin characteristics change significantly due to human activities. The moving average of the parameter ω in the Fu formula and the observed monthly streamflow for every 5 years are shown in Figure 3 . The results provide (1986) (1987) (1988) (1989) (1990) ) and the testing period (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) .
The parameter ω can reflect the characteristics of the underlying surface and the capability of runoff yield from the whole basin. It is also possible to make some generalization as to how the parameter ω will vary with the river basin characteristics. The result suggests that runoff change is closely related to the characteristics of the underlying surface from 1986 to 1998. The land use/cover change caused by human activities, such as building water conservation projects, is a main factor influencing the characteristics of the underlying surface. As shown in Figure 3 , ω increases gently during [1986] [1987] [1988] [1989] [1990] , which means that actual evapotranspiration had increased according to the Fu formula.
In other words, according to the water balance theory, the runoff decreased in that period. The planning for soil and water conservation was only carried out in some areas, with large-scale remediation yet to be conducted, while little change took place in the way people used the land.
With good water permeability of the underlying surface and relatively weak influence by human activities, the runoff was small. After the abrupt point of 1990, the period 1991-1998 was characterized by the decreasing value of ω. We could assume that the actual evapotranspiration was decreasing, with the runoff increasing. After 1990, the integrated remediation, reforestation, embankment consolidation, water conservation projects, and urbanization changed the underlying situation in the Bai River basin.
Land utilization statistics showed that, comparing the pretreatment period and the testing period, the area of farmland and grassland decreased by 7.21 and 12.25% respectively, while the forest area increased by 20.02% (Zhan et al. ) . With the forest still being in the growing stage and its canopy interception capacity being weak, most of the rain fell on the ground. It could not permeate easily because of the weakened permeability caused by the hardened and expanded road development in the urbanization process.
Thus, the capacity for the runoff yield of the catchment was strengthened. Meanwhile, with the consolidation of the embankment and construction of water conservation projects, the evaporation from the catchment becomes less, and much more runoff yield is routed into streamflow.
Such comprehensive effects due to human activities have resulted in the increase of the runoff yield in this period.
The actual evapotranspiration in the Bai River basin in northern China is mainly decided by the rainfall and temperature in the area. The ω value mainly ranges between 2.5 and 3.5, which means the actual evapotranspiration somewhat approaches the rainfall according to Figure 2 . Meanwhile the change of ω values showed that, after integrated remediation in this small river basin, the evaporation from the catchment has decreased with the evapotranspiration taking a smaller proportion of the rainfall, thus the runoff increases.
Time series trend analysis
The time series trend analysis was used in the study. The annual time series for streamflow (Q obs ), precipitation (P), and PET, along with linear trendlines fitted to the observed values are shown in Figure 4 . The linear trendlines showed much sharper decreasing trends in precipitation and PET and an increasing trend in streamflow as a whole.
In addition, the rank-based, non-parametric MannKendall statistical test is commonly used for trend detection due to its robustness for abnormally distributed and censored data, which are frequently encountered in meteorological and hydrological time series (Chen et al. a; Burn ; Zhang et al. ). In this work, the Mann-Kendall trend test was also used to analyze the trends in annual Q obs , P, and PET (see Table 2 below). Table 2 obviously shows that only annual streamflow Q obs had a rising rate of 1.518 mm/yr, with a decrease of P and PET. The results of PET reduced significantly (α ¼ 0.05) for the Bai River basin, with a decreasing rate of 5.601 mm/yr. However, more significant decreasing trends (α ¼ 0.1) are found for P, with a decreasing rate of 6.403 mm/yr. The trend analysis results here suggest that the increasing trend in the observed streamflow in the Bai River basin cannot be explained by the reduction in P and PET alone, and the introduction of human activities may be an important contribution to this increase.
Calibration and validation of SIMHYD
In this study, the NSE and WBE were used to evaluate the performance of the SIMHYD model. The effects of human activities between the pre-treatment and the testing period have been eliminated through simulation for the testing period by using observed climate data from 1991 to 1998 which drive the calibrated SIMHYD.
The difference between observed and simulated streamflow during the testing period only reflects the influence of human activities, and the human activities had caused an increment in streamflow during the testing period.
To separate and quantify the impacts of climate variability and human activities on streamflow during the testing period, the simulated streamflows were compared with the observed streamflows in the pre-treatment and testing periods. The differences between observed and simulated streamflow values were caused by the differences in climatic conditions and human activities during the pre-treatment and testing period. Table 4 summarizes the annual statistics for observed streamflow Q obs , precipitation P, and potential evapotranspiration PET for the pre-treatment and testing periods. The results show that the total increment in flow for the testing period (when compared to the pre-treatment period) due to climate variability and human activities was 12 mm, which represented a 37.5% increment in streamflow. On the whole, the increment in streamflow during the testing period due to human activities was 7.5 mm (23.4% of the pre-treatment flow) and the increment due to climate variability was 4.5 mm (14.1% of the pre-treatment flow).
CONCLUSIONS
A monthly water balance model was used to evaluate the impact of climate variability and human activities on the changes of streamflow in the Bai River basin in northern China. The Fu model based on the Budyko hypothesis was applied to explore the integrated underlying surface characteristics of the overall basin. The moving average value of ω for every 5 years indicated that the year 1990 was the abrupt point for the runoff change due to human activities. The SIMHYD model was calibrated using meteorological and hydrological data from the pre-treatment period, and was used to simulate streamflow in the testing period to estimate the impact of climate variability and human activities on streamflow.
The differences of observed streamflow between the pretreatment period and the testing period reflect the combined influence of climate variability and human activities in the basin. The increment between the simulated and measured streamflow during the testing period, which is 7.5 mm, reflects the contribution rate of human activities to the streamflow change in the basin is 62.5%, at the same the contribution rate of climate variability is 37.5%. Thus, it can be concluded that the impact of human activities exerts a dominant influence upon the runoff change in the Bai River basin compared to climate variability. 
